Here, we present the design, fabrication, and evaluation of a prismatic-revolute-revolute joint hand called the model B that we developed for grasping from ungrounded vehicles. This hand relies on a prismatic proximal joint followed by revolute distal joints in each finger and is actuated by a single motor-and a tendon-based underactuated transmission. We evaluate this design's grasping capabilities both when fully constrained by a robotic arm and when minimally constrained and evaluate its performance in terms of general grasping capabilities and suitability for aerial grasping applications. The evaluation shows that the model B can securely grasp a wide range of objects using a wrap grasp due to the prismatic-revolute-revolute joint finger kinematics. We also show that the prismatic proximal joints and between finger coupling allows the hand to grasp objects under large positional uncertainty without exerting large reaction forces on the object or host vehicle.
Introduction
The types and applications of autonomous unmanned aerial vehicles (UAVs) have proliferated during the last decade from an expensive niche product used primarily by the military or found in research labs to an affordable consumer product. To date, most UAV designs and applications have focused on remote observation and sensing, ranging from large fixed wing drones for military surveillance to small quad rotors used for cinematography and now even personal photography. However, applications where the vehicle physically interacts with the environment such as picking up or delivering an object to a predetermined location represent a significant new and as yet uncommon capability for UAVs [1] . So far, researchers have demonstrated UAVs transporting cargo, picking up objects, perching on features in the environment, and even manipulating objects while in flight using a multilink arm . 2 However, all of these systems have relied on structuring the interaction problem, simple single purpose grippers, or slight adaptations of existing hands that are not intended for this application.
Furthermore, the majority of grasping and manipulation research has focused on stable robotic platforms where the robot is either fixed in the environment or massive in comparison to the objects being manipulated, and therefore, behaves as though it is fixed in space [1, 26, 27] . Although this paradigm applies to hands designed for many existing robotic applications such as industrial robotic arms and terrestrial mobile robots, it is not the case when grasping from a flying, underwater, or space vehicles. Unlike large or fixed platforms, these vehicles are easily perturbed by external forces, and in comparison to a ground vehicle, can be more difficult to position or maintain a pose during grasp acquisition. Therefore, we set out to design a hand specialized for aerial, underwater, or space grasping that can grasp a wide range of objects while minimizing the grasp reaction forces and maximizing the allowable pose error.
In this paper, we present the design, fabrication, and evaluation of a prismatic-revolute-revolute joint hand developed for grasping from aerial vehicles that is shown in Fig. 1 . This design builds upon the experience gained from the design and analysis of hands with related kinematic and our understanding of the design requirements for the aerial grasping application that it is intended for [28] [29] [30] . We begin by describing the kinematics of the hand that we built based on the previously presented optimization results [30] . Next, we describe the actuation of the hand, including the between joint coupling scheme, force allocation, and physical implementation of these design choices. We then describe how the prototype was fabricated and evaluated. Evaluation of the hand included measuring its grasp strength, grasp reaction force, and object reconfiguration trajectory as well as evaluating its grasping capabilities and tolerance of positional error when fully constrained by a robotic arm and when minimally constrained using the Yale-CMU-Berkeley (YCB) object set. Finally, we discuss how the hand performed on these tests and how this performance relates to the use of the hand as an aerial grasper.
Hand Design
We begin by describing the general configuration of the hand and the motivation for developing this particular kinematic configuration. Previous modeling of a two-joint revolute finger hand showed the impact of palm spacing (the distance between the two proximal revolute joints) on grasp performance and how it related to object size [29] . Similarly, our experience with the performance of the model S hand prototype demonstrated the utility of a hand Fig. 1 The model B hand, shown grasping a softball. The prismatic joints allow the finger spacing to adjust to the size of the object, while the revolute joints allow the fingers to wrap about the object.
that combines prismatic and revolute joints in series in each finger [28] . Building upon these results, in this paper, we describe and evaluate a hand that combines elements of multilink revolute and prismatic joint hands. It consists of opposed P-R-R joint underactuated fingers as shown in Fig. 2 . The main justification behind this configuration is outlined in Fig. 3 : typical hand configurations will regularly produce a net outward force on objects during acquisition, which would serve to push the vehicle away from the object in ungrounded/minimally constrained scenarios such as aerial, underwater, or space applications. Instead, we are considering a configuration that would only apply mostly inward forces to the object during the acquisition process.
We believe that this combination of prismatic and revolute joints effectively adds a variable size palm to the hand, allowing it to adapt to the size of the object. However, unlike a purely prismatic joint hand, the addition of multilink revolute joint fingers increases the hand's ability to conform to objects and the strength of the resulting grasp. Finally, actuation and control complexity can still be minimized by actuating all of the joints with a single actuator and underactuated transmission that exerts a force (F T ) on the prismatic joint and proportional torques (s 1 ¼ F T R 1 , s 2 ¼ F T R 2 ) about the revolute joints.
We also selected this hand morphology since aspects of its grasping behavior are desirable when grasping from a UAV. Unlike a purely revolute joint hand, the P-R-R joint kinematics and initial joint configuration of the fingers perpendicular to the palm ensure that fingertip motion is parallel to or toward the palm of the hand when grasping. This constraint on the fingertip trajectory means that contact forces on the grasped object arising from the closing motion of the hand will push the object further into the grasp, thereby reducing the chance of the hand inadvertently knocking the object out of the hand prior to the acquisition of a secure grasp. Similarly, this fingertip trajectory ensures that actuation of the hand will not result in unexpected contact with the environment that may push the hand away from the desired position or generate unexpected normal reaction forces on the vehicle. Furthermore, the between finger coupling implemented in this design means that similar contact forces will be exerted on an object wherever it is positioned laterally in the hand's workspace and ensures that minimal force will be exerted on the object until both fingers make contact. This feature improves the hand's tolerance of positional error and minimizes the lateral reaction forces exerted on the vehicle during grasp acquisition. Finally, the within finger underactuation allows the fingers to conform to the object after both fingers make contact, improving the robustness of the resulting grasp.
The variable palm width of the P-R-R hand morphology also contributes to the positional error tolerance of this design since it facilitates the initial pose of the hand consisting of widely spaced opposing fingers normal to the palm. This initial configuration of the hand ensures a large approach volume (defined as the convex polyhedron inscribed between the fingers and the palm) and approach area (the polygon inscribed between the fingertips [31] ) for a given palm width and finger length. The large approach area allows for large positional errors when approaching the object, while the large grasp volume allows the object to be caged by the gripper prior to contact. In comparison, hand designs built with revolute joint fingers and a fixed palm width often have closely spaced proximal joints and widely opened fingers that result in a large approach area but small approach volume. This combination is undesirable when attempting to grasp with high positional error while still minimizing pregrasp contact forces since objects may contact the palm before they are fully caged by the fingers.
Kinematics. We set out to construct a three-finger interdigitating hand with prismatic-revolute-revolute joint fingers based upon the optimization work described in Ref. [30] . The hand has link length ratios of 0.18, 0.24, and 0.58 for the proximal, intermediate, and distal links and intermediate and distal joint moment arms equal to approximately 0.95 times the length of the digit distal to the respective joint. Based upon an overall finger length of 100 mm, this results in a finger with an 18 mm proximal link, 24 mm intermediate link, and 58 mm distal link. The prismatic joint has 180 mm of travel, slightly less than two times the finger length. Each finger is 20 mm wide and the adjacent fingers are spaced 24 mm apart, allowing the opposing finger to pass between them when flexed. Finally, the finger pad surface is 7.5 mm in front of the joint axis on all three links. These dimensions attempt to balance the desire to make the hand compact and the space needed to incorporate elements like pulleys and springs in the fingers.
Actuation. As described in Ref. [30] , this hand is designed to be actuated in such a way that actuator force is equally applied to Fig. 2 Diagram of the finger kinematics that shows the prismatic and revolute joints of the finger as well as the tendon routing and gear reduction from the servo to the finger Fig. 3 Diagram of the finger kinematics that shows the prismatic and revolute joints of the finger as well as the tendon routing and gear reduction from the servo to the finger each finger and proportionally to the prismatic and revolute joints. Furthermore, based upon the moment arm optimization results, if a specific force is applied to the prismatic joint, the torques applied to the revolute joints should be equal to this force times the length of the finger distal to each joint. This actuation scheme ensures that the fingers will center about the object regardless of where it is positioned along the prismatic joint and that once the fingers make contact, they will wrap about the object, pulling it further into the grasp.
However, directly implementing this actuation scheme is impractical since the radii of the desired tendon moment arms (82 mm for the distal joint and 58 mm for the proximal joint) would extend past adjacent joints. Instead, we built the fingers with much smaller but proportional joint moment arms (6.35 mm and 4.5 mm) and added a gear reduction between the tendons actuating the prismatic and revolute joints as shown in Fig. 2 . The total reduction provided by this gear box can be calculated as follows: F out ¼ ðN 2 =N 1 Þðr 1 =r 2 ÞF in , where N 1 and N 2 are the number of gear teeth and r 1 and r 2 are the radius of the input and output pulleys, respectively. As constructed, N 1 ¼ 14, N 2 ¼ 60, r 1 ¼ 9 mm, and r 2 ¼ 3.175 mm, resulting in an overall ratio of 12.13. This results in effective joint moment arms of approximately 0.95 times the finger lengths, much larger than would be feasible without the gear reduction.
Extension of the revolute joints of each finger is achieved via weak torsion springs (0.0145 NÁm/rad) encapsulated in the joints that are just stiff enough to extend the respective joints when the flexion tendon is slack. Soft springs were selected to minimize the amount of actuator force required to overcome the springs while grasping. Unlike the revolute joints, extension of the prismatic joint is achieved via an antagonist tendon as shown in Fig. 2 . This extension tendon is wound the opposite way around the input pulley at the base of the finger and the servo pulley as the prismatic actuation tendon, effectively forming a continuous loop. When the hand closes, the flexor tendon is pulled in, while the extensor tendon is paid out an equal amount. Depending on how the finger is constrained, commanding the finger to flex will cause the prismatic joint to translate, the input pulley to the finger to rotate and flex the revolute joints, or some combination of the two. Driving the servo in the other direction pulls the extension tendon, rotating the pulley until the revolute joints are fully extended. At this point, the pulley contacts a hard stop that prevents further rotation and the tendon directly actuates the prismatic joint, causing it to open. This active actuation of both the opening and the closing of the prismatic joint ensures that the joint open consistently regardless of joint friction and that closure force is constant for all finger positions unlike hands that rely on an antagonist joint springs.
The hand is composed of three fingers arranged so that the finger on one side is capable of interdigitating between the opposite two. To ensure that the hand applies equal force to either side of the object when grasping, each of the two adjacent fingers is actuated with half the force of the single opposing finger. This is achieved by connecting the adjacent fingers' prismatic bases and the input pulleys to each finger's gearbox and actuating them both with a single prismatic joint tendon. Finally, the single and opposing pair of fingers are actuated by the same motor. The prismatic flexion/extension tendon loops for each finger are wrapped in opposite directions around a pulley on the servo output so that all three fingers are simultaneously either flexed or extended when the servo rotates as illustrated in the diagram in Fig. 2 . In order to allow for between finger adaptability, the motor is mounted on a linear bearing parallel to the tendons. This joint is equivalent to driving the two tendon outputs via a differential and a single actuator but proved to be easier to implement.
Fabrication. Based upon these design decisions, we have built a prototype of the hand using methods derived from the Yale OpenHand Project [32] . The body of the hand is made from laser cut 0.25 in (0.635 cm) acrylic, 2.5 in (6.35 cm) long steel standoffs, and three-dimensional (3D)-printed acrylonitrile butadiene styrene (ABS) plastic components (printed on a Fortus 250mc). The fingers are also 3D-printed. Revolute joints are implemented with 0.125 in (0.3175 cm) steel dowel pins that are press fit into the proximal element and pass through oversized (slip fit) holes in the distal element of each joint. A steel torsion spring (McMaster Carr 9271K94) is used as return springs for the revolute joints in each finger. This spring is preloaded to resist finger flexion until the finger contacts and object. The reduction gear box in each finger is composed of molded nylon gears (SDP/SI A1N 1-N48060 and A 1N 2-N48014) and 3D printed drums rotating on 1/8 in (0.3175 cm) steel pins in a 3D printed housing. The prismatic joints of the fingers and actuator are constructed using off-theshelf linear bearings (Igus TK-04-09 and WS-10-40). A Robotis Dynamixel MX-64 servo operating at 12 V is used to actuate all three fingers directly via 150-lb test Spectra fishing line tendons routed across 0.375 in (0.9525 cm) acetal pulleys.
Gripper Evaluation Procedure
This hand has been evaluated in a number of different ways to compare its capabilities to other designs as well as to evaluate its suitability for aerial grasping tasks. First, we quantify aspects of its grasping behavior by measuring the object reaction forces throughout the hand's workspace as well as the object's trajectory from the initial contact until a grasp is achieved. To facilitate comparison to other hands, we also report the hand's basic specifications and characterize its performance via the YCB object set gripper assessment protocol and modified NIST slip resistance tests [33] [34] [35] [36] . Finally, we demonstrate the hand's suitability for aerial grasping tasks by demonstrating its grasping capabilities when suspended by a compliant tether. Although demonstrating the hand's grasping capabilities from a UAV in flight would be desirable, we have not been able to perform any vehicle-based tests due to the restrictions imposed on UAV operation by the Federal Aviation Administration (FAA) during the last few years.
In order to predict the behavior of the system when grasping light objects that are easily perturbed or fixed objects that could perturb the vehicle, we measure the object hand reaction force: the force applied to the object during the grasp when both the hand and the object are fixed relative to each other. This test condition measures the highest possible force that the vehicle may experience when grasping a large object or a fixed object when perching. To measure the grasp reaction forces, we mounted an ABS plastic cylinder to a six-axis load cell (ATI Gamma F/T sensor) that is fixed in place relative to the hand. The axis of the cylinder is aligned with the z-axis of the load cell and the y-axis is normal to the palm of the hand. The hand is then commanded to close (servo torque is set to 20), while the load cell records the forces applied to the object. This procedure is then repeated at 0.5 in (1.27 mm) increments in the y direction at the center of the hand's lateral workspace. This test is repeated with the object positioned 61.5 in (3.81 cm) and 62.5 in (6.35 cm) to either side of the center in the x direction, thereby sampling the reaction force throughout the hand's workspace. We then report the magnitude of the largest observed lateral and normal force at each sampled location.
We also measure the trajectory of an unconstrained object (an ABS plastic cylinder) in the hand as the fingers close and relate it to the positional error tolerance of the hand. To measure the unconstrained object's trajectory, the hand is fixed in space and the object is tracked, while it is grasped via a camera and fiducial. This procedure is repeated at approximately 10 mm increments in the Y direction at the center of the hand's lateral workspace and 640 and 660 mm to either side of it in the X direction. Each initial position is then categorized based on if the object is pulled toward the hand, pinched between the fingertips, or ejected from the grasp.
Although the overall procedure for executing the NIST and YCB tests is the same as that described in Ref. [28] , certain elements of these tests are altered to accommodate and evaluate specific aspects of this hand's design and intended use. These modifications to the procedure are described here. First, we altered the NIST slip resistance metric to accommodate this hand design. When the test cylinder is centered in the grasp, it is anchored via two parallel tendons (one on either side of the grasp) instead of a single tendon that would have to pass through the middle finger because the fingers interdigitate. Second, to prevent damage to the hand when conducting this test, the servo torque is only set to 25 via the DYNAMIXEL WIZARD software and tests are terminated when the object is pulled from the hand or the load applied to the hand exceeds 200 N. When conducting the YCB tests, the X axis is parallel to the prismatic joint, the Y axis is perpendicular to the prismatic joint, and the Z axis is normal to the palm of the hand. In addition to testing the hand at the set points specified in the procedure, we also offset each object by À1 cm in the X and Y directions.
Finally, in order to demonstrate the hand's grasping abilities when minimally constrained, as will be the case when attached to a UAV, we also demonstrate the hand grasping the same set of objects used in the YCB gripper assessment protocol (excluding those that could not be grasped under any conditions) when it is suspended via a compliant tether (note that we are not certified to test on aerial vehicles under current FAA regulations). The hand is suspended via a 30 cm long loop of spectra line from the vertically mounted linear actuator with 4 in (10.16 cm) of travel (ServoCity HDLS-4-50-12V). When the actuator is fully retracted, the finger tips are 7 cm above the surface and when fully extended the hand rests on the ground surface with the fingers partially flexed. During a test, the object is placed at the target position centered below the hand on a smooth sheet of acrylic and the hand is then lowered until the actuator is fully extended. The hand is then closed (servo torque is set to 20). After the actuator stalls, the hand and the grasped object are lifted clear of the ground by fully retracting the linear actuator. If the object remains in the hand and is lifted off the ground, the grasp is judged to have succeeded.
This test is repeated with the object offset relative to the initial configuration by 65 cm in X and Y and þ2.5 cm in Z (where the fingertips just touch the surface) in order to evaluate positional error tolerance. The test is also repeated with the object at the target position but with the ground surface rotated 67.5 deg about the X and Y axes to assess the effect of the hand and ground not being aligned. In these trials, the round objects are placed on various sized washers with rubber feet to keep the objects from sliding or rolling down the sloped surface before they can be grasped. When needed, the washers or small pieces of rubber were also used to keep the tools from moving. In all cases, each grasp trial is repeated three times to gauge the repeatability of the configuration and the number of successes is reported. To help compare the hand's performance at various set points and for different classes of objects, the total number of successful grasps for each object class at each set point and overall are also tallied.
Results and Discussion
Object Hand Reaction Force. Figure 4 shows the object hand reaction force results for the hand grasping a 3 cm diameter cylinder throughout the hand's workspace when the servo torque is set to 20. Figure 4 (a) shows the maximum (or minimum when negative) lateral (left/right) force at each point sampled in the workspace, while Fig. 4(b) shows the maximum (or minimum when negative) normal force where positive is defined as away from the palm of the hand. As shown in Fig. 4(a) , the maximum lateral force is approximately 10 N and is applied when the object is near the palm and at the extreme left or right edge of the workspace. The lateral force is exerted to overcome the friction within the prismatic finger joints and differential mechanism. However somewhat surprisingly, the lateral force varies with the distance of the object from the palm and is highest when the object is near the palm at the extreme left or right edge of the workspace. This is a direct result of the friction in the prismatic joint causing the finger to flex in addition to translating: since the object contact force is then resisting a joint moment, the closer the contact point is to the joint the higher the contact force. When the object moves even closer to the palm, the lateral force is reduced since the object is then contacting the proximal prismatic link, not the revolute intermediate link. Figure 4 (b) shows that the maximum normal reaction force is predominantly affected by the distance of the object from the palm. At the edge of the workspace, furthest from the palm, the normal component of the reaction force is away from the palm and pushes the object out of the grasp. As the object moves closer to the palm, the normal reaction force direction switches and then increases until it reaches a maximum of approximately 55 N when the object is 5 cm from the palm of the hand. The reaction force drops slightly when the object is only 4 cm from the palm since the forces applied to the object deflects it enough that it contacts the palm from this position. Although we expect to see this general trend regardless of the magnitude of the commanded servo torque, increasing or decreasing the motor torque should proportionally increase or decrease the normal reaction force throughout the workspace while having minimal impact on the lateral reaction forces. This decoupling of lateral and normal reaction forces is desirable for aerial grasping since it minimizes lateral forces that may destabilize the vehicle or affect its station keeping while allowing high vertical forces to be exerted drawing the object into the grasp or the vehicle onto a perch.
In Hand Object Motion. Figure 5 shows the expected in hand object motion for the hand gripping a 4 cm diameter cylinder that weighs 220 g. As we expect from the reaction force results, when positioned near the edge of the workspace, the object is pushed out (dashed gray trajectories) and when closer to the palm, the object is pulled into the grasp (solid gray trajectories). Between these two regions, the object is simply pinched between the fingertips (black trajectories). Also, as can be seen in the various recorded trajectories, even when offset laterally from the center of the hand, the object is primarily displaced in or out of the hand, not side to side. Lateral motion occurs when the contact force required to overcome the sliding friction between the object and the ground is less than the force needed to overcome the friction in the hand's between-finger differential mechanism. Therefore, lateral motion is only observed when grasping light weight objects or when the object is on a low friction surface. In this case, the weight and frictional properties of the object are near the transition point between the domains where internal hand friction and object friction dominating so in some cases the hand reconfigures before the object moves, and in other instances, the object slides laterally until both fingers make contact.
Grasp Strength. Table 1 summarizes the measured grasp strength of this hand as measured by the modified NIST slip resistance test. As can be seen from these results, this hand is capable of grasping and lifting heavy objects but the grasp strength is somewhat sensitive to both object size and loading condition. In the centered test condition, the hand could exert about 120 N on the 2 in (5.08 cm) diameter cylinder before it was pulled out of the grasp. In comparison, the test was stopped when the load exceeded 200 N in all five trials when grasping the smaller 1 in (2.54 cm) diameter cylinder. A similar relationship between grasp strength and object diameter exists for the offset test condition: the hand exerts approximately 1.4 times more force on the 1 in (2.54 cm) cylinder than on the 2 in (5.08 cm) cylinder before they are each pulled from the grasp. Finally, the pull out strength of the grasp decreases significantly between the centered and offset conditions for both diameter cylinders that were tested. When the load is centered in the grasp, the fingers must be flexed open before the grasp fails. In the offset case, the moment applied to the object rotates it and then the force pulls it axially out of the grasp. Since the test objects are made from polyvinyl chloride and finger surfaces are made from smooth ABS, the coefficient of friction between them is relatively low and the grasp is unable to resist large axial forces on the object. Therefore, adding high friction grip pads may improve the grasp strength, particularly for the offset loaded case.
Yale-CMU-Berkeley Object Set Gripper Assessment. Table  2 summarizes the performance of the hand on the YCB object set gripper assessment and at the additional set points that were tested. In this table, we report the hand's scores for individual objects at each set point, sub scores for each class of object at each set point and overall score. Overall, the hand scored 270 out of 404 possible points. In general, the hand performs well for all of the test objects except the very small ones. This is because the gap between the adjacent fingers (that allows for interdigitation) is 2.45 cm, with the size of the hand and finger spacing making it essentially only appropriate for objects of approximately 3.5-14.5 cm in diameter in the grasped plane. Another weakness of the design is that heavy objects, such as the drill, often shift when reoriented due to the low friction ABS finger surfaces-an issue that can be improved with a high-friction fingerpad.
Tethered Grasping. Table 3 summarizes the tethered grasping performance of the hand. In this table, we report the number of successful grasps out of three consecutive attempts for individual objects at each set point (target, 65 cm in X, 65 cm in Y, þ2.5 cm in Z, 67.5 deg about X, and 67.5 deg about Y) as well as the total number of successful grasps for each set point and class of objects. We also show examples of a few successful and failed grasp trials at various set points in Fig. 6 . In general, these results show that when only supported by the tether, the hand is incapable of grasping thin objects (due to lack of sufficient forces to keep aligned with the table surfaces) but can still robustly grasp many round objects, tools, and articulated objects from the object set. The results also show that the grasps are tolerant to positional error and lack of alignment with the ground surface but that this is somewhat dependent on both the object and the direction of the error.
The overall results for the tethered hand show variability based on a number of factors related to the design of the hand and the direction of the positional error. When grasping objects at the target, success or failure is primarily dependent on how the initial contact causes the object to move as the hand continues to close. Grasps of round objects fail when the initial contact (often from the single finger) causes them to roll out of the grasp. Similarly, grasps of the tools at the target position fail when the initial contact causes the object to slide or rotate into an undesirable configuration relative to the hand. This primarily affected grasps of the smaller tools (the size M and S pegs) that were sensitive to less than ideal object position. In contrast, the greater size of the larger tools made them easier to grasp from slightly different positions and their increased weight made them less likely to be shifted by the initial contact with the hand. The hand exhibits significant reduction in grasp success when the objects are displaced in the positive and negative X directions (largely due to contact force imbalance), and worse when objects are displaced in Y (largely due to the size of the graspable surface of the objects being out of reach). The results also show that moving the hand up 2.5 cm in Z away from the grasp surface shows comparable performance to the normal condition (actually two more successful grasps). Furthermore, angling the grasp surface relative to the hand has minimal impact on the hand's performance when the ground is angled þ7.5 deg about X but moderately reduces its grasp success when angled À7.5 deg about X or either direction about Y.
Future Work
While the existing configuration of the model B hand for grasping from ungrounded platforms shows good performance for a range of realistic grasping scenarios, the design can be improved further. In particular, we believe that increasing the number of fingers used in this hand from three to five while preserving the symmetry and interdigitation capabilities will substantially improve the grasp reliability of this design when subject to large positional errors in the Y direction. Adding additional fingers or widening the existing fingers will increase the span of the grasp in this direction, thereby increasing the range of object positions that are between the fingers and can be grasped. Adding additional fingers will also increase the number and spacing of contacts made with an object, increasing the chance that the contacts will push the object into the grasp and improve its grasp performance when subject to positional error in the X direction as well.
Although this hand design performed well in its current form with low friction ABS finger surfaces, experimentation with increasing the coefficient of friction at the contacts by using other finger pad materials may improve the grasp strength further. Using a more compliant and higher friction material will increase the frictional forces a grasp can exert on an object which will increase the strength of a grasp and the resistance to out of plane motion of the object. However, increasing the contact friction may also prevent objects from reconfiguring and being pulled into a secure wrap grasp as the hand closes, reducing the strength of the resulting grasp. Therefore, this experimentation may involve determining the optimal coefficient of friction for the finger pads that maximizes grasp strength while still allowing most objects to reconfigure within the hand as they are grasped. It may also be worth investigating materials with directional frictional properties that would allow grasped objects to easily slide into the hand but resist motion in other directions.
The weight and size of the next iteration of the model B design may also be improved upon without altering its grasping performance by reducing the size of the reduction gearing at the base of the fingers and using a lighter weight and lower friction linear bearing in the prismatic joints of the fingers. Furthermore, a more complex telescopic prismatic joint could be developed to reduce the width of the hand when the fingers are closed.
Although the model B hand was capable of grasping most of the objects tested, the spacing of the interdigitating fingers prevented this design from grasping smaller objects. This limitation may be addressed by altering the design to rely on directly opposed fingers capable of pinching small objects. We expect that this modification will reduce the hand's wrap grasp abilities and grasp strength when grasping smaller diameter objects where the fingertips make contact after wrapping about the object. However, being able to execute a pinch grasp will allow the hand to pick up smaller and thinner objects than the current design is capable of grasping.
Finally, although we have quantified the grasp reaction forces and positional error tolerance as well as demonstrated the hand's general grasping capabilities, we have not tested it on a UAV or other ungrounded vehicle. Although our test results suggest that the hand should perform well when mounted directly to a UAV or suspended below a vehicle on a tether, these tests cannot fully replace actual validation through flight testing. Performing UAV tests with the existing hand prototype should be straightforward since integration of the hand will only require mechanical attachment of the hand to the vehicle, 12 V electrical power and a RS485 control signal to the servo actuator. However, we have not Fig. 6 Examples of successful (tennis ball and hammer) and unsuccessful (racquet ball and small peg) grasp attempts from the target position been able to perform any vehicle-based tests due to the restrictions imposed on UAV operation by the FAA during the last few years.
Conclusions
In summary, while grasping from aerial vehicle has the potential to greatly expand their applications, the existing attempts have been limited by the available end effectors. In this paper, we presented the design of a new hand that attempts to address some of the limitations of current aerial grasping end effectors. Although we believe that the evaluation of this gripper shows its potential for aerial grasping applications, this design is only one possible approach to the challenges posed by aerial grasping. Future efforts to improve the end effectors as well as to understand and improve other components of the Mobile Manipulator-UAV system will lead to the broad implementation and utilization of UAVs to perform many tasks.
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